Four different analytical techniques were compared for their performance in direct determination of uranium in seven rock samples. These methods include: ion chromatography, laser fluorimetry, UV-Vis spectrophotometry and gamma spectrometry. The samples under study were six ore samples beside an international reference sample (GBWO4115). The results obtained from the comparison study reported a method accuracy of 98%, 90%, 65% and 86% for ion chromatography, laser fluorimetry, UV-Vis spectrophotometry and gamma spectrometry techniques respectively. Also, on the converse of the other three techniques, ion chromatography technique using DX-500 ion chromatograph achieves superior agreement with the certified sample with only 2% bias.
Introduction
Uranium determination in numerous materials, particularly geologic resources, is turning into more and more significant, due to the growing apply of uranium for the generation of energy in nuclear reactors and to the decreasing in the uranium reserves. An ore of uranium concentration 120 ppm is already taken into account as economically exploitable [1, 2] .
For these causes, the employment of analytical methods that are sufficiently precise, perfect and sensitive is essential. The rate of analysis is also of huge significance, particularly in the case of routine analysis, for geological prospection, in which the number of determinations is extremely large [3, 4] .
Otherwise, a number of contradictions have been observed between the results attained through unusual methods for the uranium determination in some materials. Even in the data presented by the International Atomic Energy Agency, differences can be observed between the uranium concentrations determined in some standard ores, by techniques such as fluorimetry, radiometric analysis, X-ray fluorescence analysis and spectrophotometry with dibenzoylmethane or arsenazo [5] .
Some efforts have previously been issued in which several methods of uranium analysis have been compared, for instance Laser Fluorimetric and Gamma spectrometry techniques in the work of Madbouly et al. [6] and several different techniques (photometry, laser photometry, liquid scintillation (LSC), gamma spectrometry and alpha spectrometry) in the labor of Tosheva et al. [7] . Hanna Tuovinen et al. [8] studied three methods of comparative analysis of uranium; gamma spectrometry, alpha spectrometry and Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
For this research four different analytical techniques; ion chromatography, laser fluorimetry, UV-Vis spectrophotometry and gamma spectrometry were preferred for a comparative determination of uranium. The studied samples were six ore samples collected from the Egyptian deserts alongside with an international reference sample (GBWO4115). Four of the samples were assembled from different regions along the Eastern Desert as follows: Gabal Gattar, El-Missikat, Abu-Rushied, and El-Sela. The other two samples were of phosphate deposits represented by El Sibayia (Nile Valley region) and Abu Tartur (New Valley region).
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Techniques employed
A brief presentation will be made for the four techniques employed for the uranium quantitative determination.
Ion chromatography (IC)
Ion chromatographic separation was performed on Dionex DX-500 ion chromatograph system (Sunnyvale, CA, USA) consisting of gradient pump (GP40) and UV-Vis detector (AD20). Separator ion-exchange columns; CG5A guard column (4.6 × 50 mm) adjacent to CS5A analytical column (4.6 × 250 mm), enclosing anionic and cationic beds with functional groups of alkanol quaternary ammonium sulfonic acid, were employed in the following work. A pneumatic post-column reagent addition facility having (a) 1000 mL reservoir bottle, (b) gas pressure gauge to manage the flow rate of the gas, (c) T-junction, (d) 375 μL capacity reaction coil was situated between the separator column and the detector. A 50 μL of each sample was introduced throughout the loop fitted to a Rheodyne six port injector.
Two suitable mobile phases containing a hydrochloric acid and ammonium sulphate mixture were created and adjusted at 1.0 mL min −1 flow rate. A combination of 3 mM Arsenazo III (BDH, UK), Triton X-100 (Sigma Aldrich, Germany) and glacial acetic acid (Panreac Quimica, SP) was delivered through a "T" piece at a flow rate of 0.5 mL min −1 for the detection of the separated uranium at wavelength of 655 nm [9] . All eluents and post-column reagent were degassed with a nitrogen gas. Uranium standards were prepared from 1000 ppm standard stock solutions (Merck, USA). The majority of reagents were of analytical grade (AR). Nanopure water (18.2 MΩ) was used for the prepartion of all solutions by means of Thermo Scientific "Barnstead" lab water system (Thermo Fisher Scientific Inc., USA).
Laser induced fluorimetry (LIF)
The measurements of trace uranium in aqueous solutions were achieved via uranium analyzer (Sintrex UA-3) which is described as a compact electro-optical device. The main idea is based on a uranyl complex fluorescence produced from the adjoining of a reagent to the sample during the analysis. Ultraviolet excitation is provided by a small nitrogen laser at 337 nm, a green luminescence emitted from uranyl salts can be measured quantitatively by a suitable photo detector [10, 11] . The UA-3 analytical method involves the addition of a buffering inorganic complexing agent together with fluran (sodium pyrophosphate, sodium dihydrogen phosphate), to convert the different uranyl species present in the sample into a single form that has a high luminescent yield. The ultraviolet excitation resulted from the nitrogen laser is extremely intense, but short-lived (3.4 × 10 −9 s) pulse (200 µJ pulse −1 ). Triggered by the laser, the electronic gating system accepts delayed signals from the photomultiplier after the fluorescence from the organic compound has substantially ceased. Thus, the response is almost entirely owing to uranium fluorescence [10] .
Gamma spectrometry [NaI(Tl)]
The NaI(Tl) scintillation detector composing of Bicron scintillation detector and [NaI(Tl)] crystal, 76 × 76 mm, hermetically sealed with a photomultiplier tube in aluminum housing was applied for uranium determination by means of gamma emission of the progeny nuclide 234 Th under the assumption that secular equilibrium had been attained with 238 U at peak energy 92.5 keV [12] which recognized by equivalent uranium (eU). Energy calibration of the instrument was carried out using gamma emitting point source 137 Cs and 81 Ba, whereas the calibration efficiency was achieved throughout standard references (IAEA-RGK-1, IAEA-RGTh-1, IAEA-RGU-1 and NMA-U).
UV-Vis spectrophotometer
UV-visible double beam (UNICAM-Spectrophotometer) fabricated in England with 1 cm glass cell. It has a fixed bandwidth at 1.5 nm and wavelength range of 190-900 nm. Its electrical properties are 120-240 V, 50/60 Hz, 350 vA [13] .
The pH adjustments were achieved using a digital Jenway pH meter (UK).
Experimental
Sampling and samples preparation
Six various geologic samples as well as an international reference sample (GBWO4115) were chosen for this study. Four of them were collected along the Eastern Desert from the following regions; Gabal Gattar, El-Missikat, Abu-Rushied, and El-Sela ( Fig. 1 ), while the other two specifically; Abu-Tartur and El-Sibaiya Phosphate Deposits were selected from New Valley (Western Desert) and Nile Valley (Idfu-Qena Region) repectively. The geology of these regions can be summarized as follows.
Geology of eastern desert samples
Gabal Gattar is located about 35 km southwestward of Hurghada, at the intersection of latitude approximately 27°7ʹ30ʹ N and longitude 33°17ʹ5ʹ E (Fig. 1 ). The G. Gattar area includes several rock units. The oldest are the Hammamat sedimentary rocks and Dokhan volcanics, where as the youngest are granites and related dikes, in addition to Wadi deposits. The G. Gattar granite is the host rock for uranium mineralization which is localized in seven prospects, G-I to G-VII. Our sample was picked up from G-II which is featured as low grade uranium area [14] .
El-Missikat area, Gabal El-Missikat is one of the most significant sites in the central Eastern Desert of Egypt for manifestation of uranium deposits; El-Missikat covers an area of about 80 km 2 and includes Gabal El-Garra and Gabal El-Gidami plus Gabal El-Missikat [15] . El-Missikat uranium prospect area lies at about 3 km, halfway between Safaga, on the red Sea coast and Qena in the Nile Valley. It is almost restricted by longitudes 33°15′-33°28′ E and latitudes 26°24′-26°30′ N since the mineralogical study discovered the existence of uranium minerals as uranophane, uraninite, soddyite and retardate [16] . Gabal El-Missikat contains rocks are basically composed of quartz, potash feldspars, sodic plagioclase and biotitic. The core extension minerals are sulfides, magnetite, zircon, apatite, fluorite, titanite, monazite, xenotime, uranothorite, rutile and uraninite. Hematite, epidote, muscovite and chlorite are existed as secondary minerals [17] .
El-Sela shear zone is situated at Gabal El-Sela area in the southern extremity of the Eastern Desert of Egypt near the Sudan Frontier and squats the southern half of Elba topographic sheet (NF-37I). It lays at about 22 km SW of Abu-Ramad city. It is bound by LATITUDES 22°17ʹ44ʺ-22°18ʹ10ʺ N and longitudes 36°13ʹ28ʺ-36°14ʹ27ʺ E. The uranium potentiality of El-Sela granite represents a highly fractionated high-K calcalkaline (HKCA) magma comprising primary muscovite and occurring as a medium sized granite pluton affected by high alteration [18] . It is also enriched in uranium-bearing uranothorite, high U-monazite and high U-zircon.
Abu Rusheid area is located at south of Eastern Desert, Egypt 50 km southwest of Marsa Alam on the Red Sea coast between longitude 34°46′-34°46′35″ E and latitude 24°37′16″-24°38′ N. The main rock units of Abu Rusheid area from the point of view of mineralization are the cataclastic group and the lamprophyre dykes [19] cutting through it. The lamprophyre dykes act as a chemical and physical traps for mineralization, where they play significant part as a heat source, which has led to remobilization of U [20, 21] .
Geology of the phosphate deposits
The Egyptian phosphate deposits locating in three regions ( Fig. 2) : (1) latitudes 24°15ʹ-26°05ʹ N, and about 275 km from west to east, between longitudes 27°50ʹ-30°55ʹ E [22] .
Phosphates, with their massive reserve, can be considered as a potential submarginal resource of uranium. The total estimated reserve and potential reserve of phosphatic rocks in Egypt amounts approximately 2.5 billion tons. Assuming an average of 100 gm U 3 O 8 /ton, the over store comprises as much as 250,000 tons U 3 O 8 [23, 24] . The uranium content of phosphate rocks increased with the phosphorous content, but deposits rich in phosphate are not necessarily the richest in uranium. Furthermore, the uranium content of phosphate rocks lowers with weathering due to leaching of uranium occasionally using the development of secondary enriched zones.
The two phosphate deposit samples involved in our comparative study were taken from El Sibayia (Nile Valley region) and Abu Tartur (New Valley region).
Samples treatment and analyses
It was found necessary to mention that all samples under study including the certified sample (GBWO4115) were measured with the four employed techniques without prior separation of uranium or sample pretreatment.
Ion chromatography
To 0.5 g sample of each of the six samples under study plus the international reference sample, a mixture of acid solutions (HF, HNO 3 and H 2 SO 4 ) was added in a Teflon beaker and heated till dryness. A 0.1 M HCl solution was then added to dissolve the residue under heating condition. Once a clear solution was obtained, it was kept to cool and finally completed to 50 mL volume. For analysis; 50 µl sample volume was injected into the injection loop of the Dionex DX-500 Ion chromatograph and uranium was separated using CS5A separating column. Detection was finally achieved by AD20 absorbance detector using Arsenazo III as a postcolumn reagent at 655 nm [9] .
Laser fluorimeter
For each sample, about 0.2 g weight were taken. The samples were dried then ashed in an electric muffle furnace, up to 600 °C for 24 h. Samples were placed into glass beakers for digestion process. To each beaker about 100 mL from 8 M HNO 3 was added for digestion with the addition of 20 mL of 30% H 2 O 2 . Then the volume of each sample was reduced to a volume of 5 mL, by fuming it on a water bath or sand bath. The sample volume was reconstituted to the required volume (100 mL), with the addition of 1 M HNO 3 . About 50 µl of the sample was taken for the analysis, with the addition of 0.8 mL Fluran in a cuvette to be analyzed [6] .
It is essential to declare that any turbidity and suspended matter must be averted and eliminated throughout the digestion procedure.
Gamma spectrometer
Certain amount of powdered samples of each of the seven studied locations was meshed to about 200 mesh size and mixed well to avoid non-homogeneous distribution of minerals and then 2 g of each sample was transferred to a Teflon beaker where a mixture of acid solutions (HF, HNO 3 and H 2 SO 4 ) was added and heated till dryness. A 0.1 M HCl solution was then added to dissolve the residue under heating condition. Clear solution obtained was kept to cool and finally completed to 500 mL volume. About 300 mL of each clear solution was then transferred to a suitable cylindrical transparent polypropylene container. These bottles were warily sealed well to avert contamination of the spectrometer and hoarded for at least 30 days, where the radon is back to normal state and attains radioactive equilibrium between 238 U and their daughter products [25] . The prepared samples have been subjected to gamma-ray assaying for long period count 1000 s for scintillation detector NaI(Tl) to permit accumulating discharging gamma ray [26] .
UV-Vis spectrophotometer
(0.25-1 g) of powdered samples were taken in a Teflon beaker for complete digestion using mixture of mineral acids from (HF/HNO 3 /HClO 4 ). The obtained residue was then dissolved in 6 M HNO 3 and the final clear solution was completed to the required volume. The reagents added for measurement are 0.25% arsenazoIII, ammonia solution and urea nitric [27] . Uranium spectrophotometrically determined after 5-10 min. at wavelength 655 nm. The arsenazo (III) reagent (Avocado) solution was prepared by dissolving 0.25 g together with 0.5 g sodium acetate in 100 mL deionized water. The system was calibrated via single-element standard solution (Merck) of 99.99% uranyl nitrate (UO 2 (NO 3 ) 2 ·6H 2 O) having a concentration of 1000 µg mL −1 in 6 M HNO 3 .
Using a set of standards, a calibration curve is drawn and uranium content was derived from this latter. Always an analysis was supported by the measurement of a blank [28] .
The mean parameters of four different techniques used for uranium determination observed from this study were shown in Table 1 .
Results and discussion
Determination of uranium in geologic samples is insisting due to the high background concentration of natural uranium. In the current work, the reproducibility of the uranium determination was examined by analyzing an international reference sample (GBWO4115). It was established that the measured concentrations of uranium for the certified sample are different to the certified value as shown in Table 2 . As watched from the table, the different techniques under study demonstrateed different bias (error) percentage between 35, 10, 14 and 2%.
UV-Vis spectrophotometry represents the worst value in comparison with that obtained by the other three techniques. This is due to the main disadvantage problem specified for this technique which is the interference. Such interference resulted from uranium ion with other ions present in measured sample which resulted in high uranium value as represented by 35% above the certified value. This problem could be overcome by uranium separation with different methods such as solvent extraction, ion exchange, extraction chromatography, etc. An example for solvent extraction method, Hussien et al. [29] have studied the solvent extraction of U(VI) from the sulphate leach liquor of Egyptian monazite using LIX63 extractant. The recovery of uranium was reached 85.57% of U(VI). The extracted uranium was determined via Shimadzu UV160 spectrophotometer using Arsenazo(III) reagent. Nevertheless these methods are found to be exhausted for routine analysis.
Concerning the gamma spectrometery [NaI(Tl)] value, it is found to record 14% error with low value than the certified one. According to Chiozzi et al. [30] , the sources of instability of the counting system (counting efficiency, gain drifts) beneath tentative control, 222 Rn and 226 Ra diffusion across the cylindrical limpid polypropylene bonnet appears to be the most feasible explication of the detected systematic fluctuations which control the NaI(Tl) measurements. The employ of metal sample vessels could diminish this trouble, but it does not supply a definitive solution for deficiency of secular equilibrium in the analyzed samples as this might take place in further positions of the decay series. Additionally in some rock samples (age > 225 million years), weathering and leaching could have participated a main part causing a 238 U apparent reduce in NaI(Tl) determinations by up to 28%. Subjender Reddy and Venkat Rao [31] and Ketcham [32] recommended the use of the low energy fraction of the γ-ray spectra (0.03-0.10 MeV) for uranium determination, where there are a number of γ-rays created by 234 Th where 234 Th appears to be in secular equilibrium with 238 U. On the basis of these concerns, the difference in the specific activity of uranium achieved by means of the scintillator is on average minimized.
On the other hand, although laser fluorimetry is considered a specified technique for uranium measurement, it was instituted that it offers an intermediate bias (10%) with low value than the certified one between gamma spectrometery [NaI(Tl)] and UV-Vis spectrophotometry. As previously mentioned by Premadas and Srivastava (1999) [10] , there are some boundaries which could explain the shortage of laser fluorimetry in the determination of ultra and trace level uranium in the geologic samples, the first; the quenching effect which is owing to the existence of high concentration of the interfering ions chiefly iron and manganese although using the standard addition method which is generally modified to conquer the interference to specific degree also fails to supply accurate results, the second; preparation of sample solution in little volumes from 10 to 25 mL via comparatively lower acid concentrations where higher acid concentration quenches the uranium fluorescence, and the third; limitation in occupation the entire sample for analysis which develop the determination limit considerably. So a selective separation and pre-concentration of uranium are needed in complex matrices [6, 10, 33] . On the opposing of the above three techniques, ion chromatography technique using DX-500 ion chromatograph achieved superior agreement with the certified sample with only 2% bias. This actually is related to its great advantages as a modern analytical indispensable tool which could conquer drawbacks of other analytical techniques. These benefits are abbreviated as follows: (1) short time of analysis, (2) sensitivity on the μg L −1 grade [34] , (3) high separation selectivity, even in samples with complex matrix [35] , (4) effortless method for preparing a sample for analysis [36] , (5) little sample volume, and (6) cheap usage, secure and environmentally affable chemicals.
The six geological samples under study were analyzed using the four analyzing techniques as shown in Table 3 .
On the light of the above results, the best measurements of uranium in the different geological samples are strongly noticed by the ion chromatography technique. laser fluorimetry and gamma spectrometery recorded an intermediate information while UV-Vis spectrophotometry technique categorized as the worst analyses method for uranium determination where the interference factor plays an important role in its results.
Conclusion
We have performed a comparative quantitative analyses of the uranium concentration in six natural uranium rocks in addition to an international reference sample (GBWO4115) using ion chromatography, laser fluorimetry, Gamma Spectrometry and UV-Vis spectrophotometry techniques. Comparing ion chromatography with the other techniques it was found from the present study that, ion chromatography technique achieved the lowest bias about (2%) than the other techniques, a matter which makes it preferable to be taken into consideration for direct uranium determination in geologic rock samples. 
